Abstract. We measure the scaling laws for the number of atoms and the cloud size as a function of trap depth for evaporative cooling of a unitary Fermi gas in an optical trap. A unitary Fermi gas comprises a trapped mixture of atoms in two hyperfine states which is tuned to a collisional (Feshbach) resonance using a bias magnetic field. Near resonance, the zero energy s-wave scattering length diverges, and the s-wave scattering cross-section is limited by unitarity to be 4π/k 2 , where k is the relative wavevector of the colliding particles. In this case, the collision cross-section for evaporation scales inversely with the trap depth, enabling runaway evaporation under certain conditions. We demonstrate high evaporation efficiency, which is achieved by maintaining a high ratio η of trap depth to thermal energy as the trap depth is lowered. We derive and demonstrate a trap lowering curve which maintains η constant for a unitary gas. This evaporation curve yields a quantum degenerate sample from a classical gas in a fraction of a second, with only a factor of three loss in atom number.
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Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT Efficient evaporation is obtained when the ratio η of the trap depth U to the thermal energy k B T is large. When inelastic processes are not important, the large value of η assures that evaporating atoms carry away a large amount of energy compared to the average thermal energy, assuring high efficiency, i.e., a large fraction of the initial atom number remains when degeneracy is achieved. Although the evaporation rate is suppressed by the Boltzmann factor exp(−η), for an optically trapped gas, the collision rate is very high so that typically η = U/k B T can be ten or more, but it may vary during the evaporation sequence. For an arbitrary time-dependent trap lowering curve U(t), η is not generally constant. However, by considering the evaporation rate, it is possible to lower the optical trap so that η is held at a constant large value [14] . For any constant value of η, it is easy to obtain analytic results for the scaling laws and for the trap lowering curve [14] , as described below for the unitary gas in section 4.
Scaling laws
We begin by reviewing the scaling laws. The optical trapping potential can be written generally as
V(x, t) = −U(t)g(x),
where g(x) describes the trap shape, with g(0) = 1 and g(|x| → ∞) → 0. We assume that evaporation is carried out at low temperatures near stagnation, where the average thermal energy kT U, with U ≡ U(t). The scaling laws easily follow from energy conservation, with the assumption of constant η. The trapped gas loses energy at a rateĖ by evaporation and by the work done as the trapping potential is lowered. For kT U, the atoms are approximately in a harmonic potential, so thaṫ
Here, the first term arises from the change in the harmonic potential energy. The second term arises from the evaporation rate, so thatṄ < 0. U + αk B T is the average energy carried away per particle. In general, 0 α 1 [15] . For example, using an energy-independent s-wave scattering cross-section, we find α = (η − 5)/(η − 4) for any potential which is harmonic near the minimum. 1 The value of α is nearly the same for a unitary gas, because the relative kinetic energy that appears in the collision cross-section is determined by the trap depth U, as discussed below. Hence, the cross-section is nearly constant in the collision integral, and can be factored out, so that the ratio of the evaporative energy loss to the number loss is essentially unchanged from that of an energy-independent cross-section.
For evaporative cooling from the classical regime to degeneracy, we can take the total energy to be that of a classical gas in a harmonic potential, E = 3Nk B T . Using this in equation (2) 
where the subscript 0 denotes the initial conditions at t = 0 and N = N(t).
We can also determine how the phase space density scales. The phase space density per spin state in the classical regime is essentially the fugacity per spin state, or, for a 50-50 mixture of two spin states, just N/2 divided by the total number of accessible harmonic oscillator states, i.e., ρ = (N/2)(hν/k B T) 3 , whereν ≡ (ν x ν y ν z ) 1/3 . Usingν ∝ √ U and k B T ∝ U, with equation (3), we obtain
The evaporation efficiency χ is very high for optical traps with large η, according to equation (4):
While χ 3 is typical for BECs produced in magnetic traps [16] , for η = 10, equation (5) yields χ = 6.83. Hence, in optical traps, a quantum degenerate gas is produced with little reduction in atom number, as demonstrated below. For a fixed value of η, the mean square cloud size in the trap does not change. This follows from the scaling of the total energy, which is six times the potential energy for one direction, x, i.e., E = 3NMω 2 x x 2 trap . Note that this result is a consequence of the virial theorem, and holds generally for both a unitary gas and an ideal gas in a harmonic trap [17] . Here, M is the atom mass and ω x is the harmonic oscillation frequency of an atom in the x-direction. We assume a harmonic approximation to a gaussian trap, where the trapping potential takes the form U(t) ( 
, and similarly for the y-direction, with a x the trap field 1/e radius in the x-direction, i.e., the intensity 1/e 2 radius. Then, both the energy E = 3Nk B T = 3NU/η and the spring constant Mω 2 x = 4U/a 2 x are proportional to U. Hence, the mean square radius of the trapped cloud does not change as the trap is lowered with a constant value of η, and
remains constant.
Experiments
Our experiments employ a 50-50 mixture of the two lowest hyperfine states of 6 Li fermions, which is confined in a stable CO 2 laser trap [18] . The mixture exhibits a Feshbach resonance at 834 G for which the s-wave scattering length diverges [19] , producing a unitary gas where the scattering cross-section is inversely proportional to the relative kinetic energy. The maximum laser power P 0 at the trap focus is between 50 and 60 W. Parametric resonance measurements in the weakly interacting regime at low magnetic field yield typical harmonic oscillator frequencies at full trap depth U 0 , ω x = 2πν x = 2π × 5500 Hz, ω y = 2πν y = 2π × 5400 Hz, and ω z = 2πν z = 2π × 190 Hz.
We estimate the maximum trap depth using the known power and U 0 = 4α g P 0 /(c a x a y ), where α g is the ground state static polarizability of 6 Li, 24.3 × 10 −24 cm 3 [20] , and c = 3 × 10 10 cm s −1 . It is easy to show that for a given power, a
−23 g is the atom mass, and a y = a x ν x /ν y . Assuming P 0 = 60 W, we obtain a x = 50.3 µm, a y = 51.2 µm, and U 0 /k B = 550 µK. For P 0 = 50 W, the estimated spot sizes are reduced by a factor of 0.96, and the estimated trap depth is 500 µK.
The CO 2 laser trap is directly loaded from a 6 Li MOT. Typically, the total number of atoms is 2 × 10 6 . The magnetic field is ramped to the Feshbach resonance and the atoms are allowed to evaporate at fixed trap depth, yielding N 0 = 8 × 10 5 at stagnation. The trap is then lowered by a factor U(t)/U 0 . Figure 1 shows how the observed total number of atoms N/N 0 scales with trap depth U/U 0 for two different trap lowering curves, shown in red solid circles and blue open squares, which are described in detail in section 4. Note that trap lowering time increases from right to left. Fitting N/N 0 = (U/U 0 ) p , we obtain p = 0.21(0.01). For η = 10, equation (3) predicts p = 0.191, which is shown as the solid line. The scaling law is obeyed down to about 1% of the maximum trap depth, where the Fermi gas becomes degenerate and the scaling law fails, as discussed further below.
We also measure the transverse cloud size after release and subsequent expansion for a time t exp , which is between 400 and 1200 µs. The measured transverse cloud size is found to scale linearly with trap depth U and quadratically with expansion time t exp , the result expected for a trapped cloud radius which is independent of U, as we now show. The size of the observed expanded cloud is related to that of the trapped gas by a scale factor, i.e., x [7, 21] . However, when ω x t exp 1, the difference between the hydrodynamic and ballistic expansion factors is nearly constant. Hence, we take b and equation (6), we see that
should be nearly independent of U/U 0 . Figure 2 shows the data corresponding to the left-hand side of equation (7). We find that the ratio x (7) shows that U 0 = 0.06 ηM. Using η = 10 from the number scaling, we find that U 0 /k B = 440 µK, comparable to the above estimates which are based on the measured trap oscillation frequencies and power.
Trap depth lowering curve for a unitary gas
The data show that the scaling laws are reasonably well obeyed. We now derive the ideal trap depth lowering curve for maintaining η constant in a unitary gas, which differs from that obtained previously for an energy-independent collision cross-section [14] .
We begin by determining the collision cross-section for atoms which evaporate from the trap in the unitary regime. This can be done using the Boltzmann equation for an energy-dependent cross-section [22] . Expanding to first order in the small parameter s /U, where s = 2h 2 /(Ma 2 ) and |a| → ∞ near the Feshbach resonance, we obtain for a single component (Bose) gas,
where we neglect k B T compared to U, assuming large η. This result is readily obtained by the following heuristic arguments. For a collision between two particles of energies 1 2U/M. Using Mv rel /2 =hk in the crosssection 8π/k 2 yields equation (8). To determine the trap depth lowering curve that is needed to maintain constant η in a unitary gas, we consider the evaporation rate [14] . To determine the evaporation rate, we need only to replace the constant cross-section in [14] 
by the unitary cross-section, σ(U).
From the s-wave Boltzmann equation [15] , we obtain the evaporation rate to lowest order in exp(−η). Neglecting background gas collisions for simplicity (these can be included [14] ), we obtainṄ
The collision rate γ = nv rel σ scales as Nv rel σ, since the cloud size does not change, so that the density scales as the number N. Since the relative speed scales as U 1/2 , and the cross-section as 1/U, we obtain
The initial collision rate γ 0 is obtained using the results given in [14] , with the constant crosssection σ replaced by the unitary cross-section of equation (8).
), where the (1/4) arises for a Fermi gas in a 50-50 mixture of two spin states. The rate for a single component Bose gas is four times larger. In contrast to the collision rate for a constant cross-section, for η > 6, the unitary collision rate increases as the trap depth is lowered, because the cross-section increases faster than the flux nv rel decreases.
Differentiating equation (3) with respect to t and using the result in equation (9), we obtain the lowering curve for a unitary gas,
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where γ 0 is given above. For η = 6, one can show that the trap lowering curve is exponential. Our data were obtained using two different trap lowering curves. The red solid circle data in figures 1 and 2 show the results obtained using the lowering curve for an energy-independent cross-section and η = 10, U/U 0 = 1/(1 + t/τ) 1.45 [14] , where τ = 0.08 s is chosen to optimize the efficiency. The corresponding blue open square data show the results obtained using the lowering curve for a unitary gas with η = 10, where U(t) is calculated from equations (11) and (12), U/U 0 = (1 − t/τ u ) 3.24 , and τ u = 0.77 s. Both curves yield similar results for the number and trap size, but the unitary lowering curve is much faster, as it includes the effects of runaway evaporation which does not occur with an energy-independent cross-section.
We can estimate the ratio U/U 0 needed to achieve degeneracy for a Fermi gas in the classical regime, assuming a 50-50 mixture of spin-up and spin-down atoms. The initial phase space density is ρ 0 = (N 0 /2)(hν 0 /k B T ) 3 . For our trap conditions at full depth, where U 0 = 550 µK, we haveν 0 = 1780 Hz and k B T 0 = U 0 /η = 55 µK for η = 10. With N 0 = 8 × 10 5 , ρ 0 = 1.5 × 10 −3 . From equation (4), with η = 10, we have ρ = ρ 0 (U 0 /U) 1.3 . Lowering the trap by a factor of 150 yields ρ 1. Figure 3 shows trap lowering curves for a gas with an energyindependent collision cross-section and for a unitary gas. We find that by using the unitary gas lowering curve, degeneracy is achieved in 0.61 s, while the optimized constant cross-section curve requires 2.45 s.
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Institute of Physics ⌽ DEUTSCHE PHYSIKALISCHE GESELLSCHAFT We see that the atom number data of figure 1 deviates from the scaling law predictions below U/U 0 = 0.007 1/150, in good agreement with the predicted depth at which degeneracy occurs. In this regime, where the Fermi gas is degenerate, further lowering of the trap depth cuts into the Fermi surface causing increased atom loss. A different trap lowering curve is needed to optimize the efficiency in this regime, and can be determined. However, in practice, one can simply adjust the final trap depth to slightly cut into the Fermi surface.
Mean free path for evaporating atoms
Our derivation assumes that evaporating atoms leave the trap after a binary collision, even though the gas is unitary and the collision cross-section is large. We now show that although the gas in the trap is hydrodynamic, the cross-section for evaporating atoms to collide with trapped atoms can be sufficiently small. We consider the conditions for the mean free path to be larger than the transverse trap dimension, and determine the minimum trap depth U c below which our assumptions are no longer strictly valid.
Consider the ratio of the mean free path l = 1/(nσ), at the average densityn, to the rms transverse trap size d x ≡ x 2 trap . This is given by
Since the cloud size does not change, the average (density weighted) densityn scales as N, and σ ∝ 1/U, so the ratio scales as U/N. Hence, we have 
Here, λ = ω z /ω x = 0.035. We use σ 0 = 4πh 2 /(MU 0 ) for a Fermi gas in a 50-50 mixture, and N 0 the total atom number. For our trap conditions, we find U l = 12.7 µK. Hence, the evaporating atoms scatter with atoms in the trap when U c /U 0 (12.7/500) 1.23 = 0.011. Thus, we expect that the trap can be lowered by a factor of 100 before the evaporation starts to become hydrodynamic.
The very good agreement between the scaling law predictions and the data for even lower trap depths suggests that the value of η 10 is nearly constant even as the evaporation becomes hydrodynamic and slows down. There is a mitigating factor which may explain this behaviour. We note from equation (9) that the evaporation rate is suppressed by a Boltzmann factor exp(−η). Hence, a decrease in the evaporation rate can be compensated by a small reduction in η, for example η = 9.5 increases the evaporation rate by a factor of 1.6 compared to η = 10. Thus, it is not too surprising that η can remain nearly constant until degeneracy is attained.
Summary
We have measured the scaling laws for the number and cloud size for forced evaporation of a unitary gas in an optical trap. By reducing the trap depth using a lowering curve which maintains a fixed large ratio η of the trap depth to the average thermal energy, we find that atom loss is reduced and high efficiency is achieved in Fermi gases which have small inelastic losses. The value of η = U/(k B T) 10 does not seem to depend critically on the shape of the lowering curve, but the correct unitary lowering curve permits quantum degeneracy to be achieved with high efficiency in a fraction of second. The faster timescale is important for suppressing excess atom loss and excess heating: In two-component Fermi gases near or below the Feshbach resonance, inelastic loss and heating can arise from singlet molecular relaxation [12] . Excess heating can also arise from laser intensity noise and beam pointing noise [23, 24] , and from diffractive background gas collisions, especially in traps at moderate vacuum [25] - [27] .
In the degenerate regime, the Fermi energy sets the energy scale, and the classical scaling law breaks down. In this regime, Pauli blocking can suppress the collision rate and the evaporation rate. However, as noted previously, the heat capacity of a degenerate Fermi gas → 0 as the temperature is lowered, making the gas easier to cool [14] and obviating the effects of Pauli blocking. At low temperatures, where the unitary Fermi gas is a superfluid, the heat capacity decreases with temperature much faster than for a normal fluid, further improving the cooling rate.
